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occur (Fig. lb). Subsequently inverted repeat pair 5 of the newly 
synthesized DNA strand could fold back on Itself fanning a new 
template for further DNA synthesis (Figl 7e). The polymerase 
«mld_ then proceed in the 3' direction along the newly 
synthesiscd strand until ft passes inverted repeat pair 3 and 
reaches position 33 (Fig. Id). At this point the same slippage 
process is repeated: melting out, folding back of the inverted 
repeat pair 3 and DNA synthesis along the newly made DNA 
strand leading to the structure shown id Fig. 1c. This slippage 
tends to form long inverted repeats. Occasionally these may 
resist partial melting out so that DNA synthesis can then pro- 
ceed along the old parental I>NA strand, provided that inverted 
repeat pair 3 (33-52) in the parental DNA strand has folded up 
as indicated in Fig. 7e to yield a stable structure. 

On another round of replication the DNA heteroduplex 
molecule forms two segrcgants, the old parental 1S2 sequence 
and the newly generated IS 2-6 allele. 

The slippage of the DNA template during replication of 1S2 
as outlined in Fig, 7 generates symmetrical DNA additions (see 
Fig. 5). The process requires, first, a DNA region rich in A-T, 
and second, pairs of inverted repeat sequences at both ends of 
the A-T rich region. The newly formed sequences generated by 
this process may contain new signals for the tum-on of gene 
expression, as shown by JS2-6. Which parts of the I$2-<5 
sequences constitute the tum-on signal is not yet known. 
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The replication 'slippage' model described in Fig, 7 for 1S2-6 
allows us to predict the DNA sequence of the replication 
'slippage 1 product of the upper DNA strand of IS2. Since prep- 
aration of this manuscript we have determined the Sequence of 
the 54-base pair mini-insertion IS2-Z Its sequence is identical 
to the slippage product predicted for replication of the upper 
strand of 1S2 and win be reported elsewhere 13 . 

We thank Gudrun Hoelcsma for technical assistance and 
Patricia Nevers for reading the manuscript. This work was 
supported by the Deutsche Forscnungsgcmcinschaft. 
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The construction and analysis of bacterial plasmids that 
contain and phenotypicatly express a mammalian generic 
sequence are described Such plasmids specify a protein that 
has enzymatic properties, immunological reactivity and 
molecular size characteristic of the mouse dihydrofolate 
reductase, and render host cells resistant to the anti- 
metabolic drug trimethoprim. 



SINCE the initial propagation of eukaryotic DMA in bacteria 1 , 
several systems have been used to study the expression in 
Escherichia coli of DNA derived from higher organisms. Bio- 
logical activity of genes from the lower cukaryotes, 
Saccharomyca cerevisice^ and Neurospora crassa"> has been 
demonstrated using phenotypic selection for functions that 
complement mutadonally inactivated homologous bacterial 
genes. Immunological reactivity with antibody made against 
human somatostatin was shown for a peptide fragment cleaved 
in vitro from a hybrid protein encoded in part by bacterial DNA 
and in part by a chemically synthesised somatostatin DNA 
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sequence*. Very recently, a protein containing amino acids of rat 
proinsulin was shown to be made by bacteria that carry a 
double-stranded complementary DNA (cDNA) transcript of 
pre-proinsulin mRNA*; in that instance, antigenic determinants 
for both insulin and the bacterial enzyme ^-lactamase were 
detected on a fused peptide transported outside the cell. It is not 
known, however, whether the mammalian peptide components 
of such immunologically reactive hybrid proteins have 
functional biological activity. 

Our approach to the study of mammalian gene expression in 
bacteria has been to generate a heterogeneous population of 
clones canying a DNA sequence that codes for a selectable 
mammalian gene product, and then to select directly those 
bacteria in the population that phcnotypically express the 
genetic sequence. The mammalian enzyme dihydrofolate 
reductase (DHFR), which catalyses the conversion of dihydro- 
folic acid to tetrahydrofolic acid, is especially suitable for this 
purpose. The mammalian DHFR ha$ a much lower affinity for 
the antimetabolic drug! trimethoprim (TpX than does the cor- 
responding bacterial enzyme 7 . Thus, bacteria which biologically 
express mammalian DHFR activity are resistant to levels of 
trimethoprim that ordinarily inhibit growth. 

When these studies were initiated, the only bacterial host 
approved for EK2 recombinant DNA experiment; 0 was E. Cdli 
K12 strain j(1776 (ref. 9\ As this strain is already resistant to 

® Mkmlllaa Joiwuto Ltd 197A 
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high concentrations of trimethoprim because of its thy muta- 
tion 10 ,, direct selection of bacteria that synthesise the mam- 
malian DHFR could not be carried out. Therefore, Our initial 
studies used an in -situ hybridisation procedure" to identify 
* 1776 clones which carried a moose DHFR ,cDNA sequence, 
with the expectation thai a highly sensitive indirect radioim- 
munoassay" 5 would be used to detect any clones that expressed 
antigenic determinants of the protein product encoded by the 
gene. 

Construction and doning of chimaeric 
plasmids containing a DHFR d& cDNA 

Figure 1 summarises the experimental scheme used in this study. 
Partially purified mRNA containing DHFR sequences from 
mfcihotrexate-resistant AT-3000 mouse cells" was used in the 
preparation of double-strand (ds) cDNA by RNA-dependcnt 
DNA polymerase (reverse transcriptase) and DNA polymerase 
I (rcf\ 14 and F15. 2). Homopolyraeric dcoxy-C *ta«V were 
added 10 the unfractionated cDNA by terminal deoxynucleo- 
tidyl transferase (Fig. 2) and the section of the gel containing the 
predominant (1,500 base pairs) tailed cDNA was eluted. The 
material recovered from the gel was annealed with an equimolar 
concentration of pBR322 plasmid DNA that had been cleaved 
in the £ -lactamase gene by the Pstl cndonudease 1J and treated 
with terminal transferase to add homo polymeric dG tails at tht 
cleavage sites. The extent of annealing of DHFR ds cDNA with 
the plasmid vector was monitored by electron microscopy 1 * 
using circle formation as an Indicator. Pstl sites are regenerated 
at both ends of the insert as a result of such re- 
circularisadon 

Constructed chimaeric pi asm ids were introduced into MnCl 4 - 
treated 1 * K eoli Kl2 strain *1776 and tetracycline (Tc)-resis- 
.rant rransfonnAnts (yield -30 colonics per ng DNA) were 
selected and tested separately for the presence of a DNA species 
complementary to a highly purified DHFR cDNA probe. About 
40% of the Tc-resistant clones gave a positive reaction by an in 
sim hybridisation test" (Table 1 and Fig, 3>- Plasmids from 14 of 
the reacting clones were examined by gel electrophoresis and all 
were found to contain a single DNA insert approximately 1,500 
base pairs in length. As both ends of the P*rl-deaved pBR322 
DNA receive homopoiymeric dG tails, only those molecules 
that have acquired a dE -tailed cDNA insert or had escaped 
cleavage and/or dG tailing would be expected to re-circularise 
and transform; thus, we presume that most of the nonreactmg 
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Sip. 1 Scheme used for doning and expression of mouse DNA 
sequences that code for DHFR- Additional experimental details 
are given in the legend to Table 1 and in the lexr. 



Tc-resistant colonies contain inserts of contaminating non- 
DHFR cDNA. 

When *2282 T a thy' variant of ^f 776, was approved for EK2 
use, direct selection of bacteria that phenotypically expressed 
the'eukaryotic DNA sequence became feasible (see Fig. 1). Two 
populations (25 colonies each) of previously identified Tc- 
rcsistartt co lo nies of *1776 were pooled, and plasmid DNA 
extracted from these populations was introduced by trans- 
formation into *2282. In other experiments, we transformed 
jr2282 directly with annealed pJB R322-DHFR cDNA (Table I ). 
Colonies that expressed resistance to both Tc and Tp were 
obtained in both types of experiments; three independent 



Table X Transformation experiments using xl776 and x22SZ 



Host 


Transfarming DNA 
Pla&mid vector Insert 


Tc 


Tfansformanis per ng DNA 

Tc Tc/Tp 
(10 pfi ml" 1 ) (5 M£ ml of mh ) 


In situ 
hybridisation with 
DHFR cDNA probe 
(% positive) 


XI776 
X 1776 

v2282 
X 2282 
X 22S2 


pBR322 
pBR322 
pBR322 
P BR322 

P DHFR7 


None 
eDNAd") 
cDNA(l°) 
cDNA(2*) 


4*10 2 
60 
70 
60 
75 


2X IQ 3 
32 


<2xl0"° 
2 

1.3 xiO" 1 
25 


40 
44 



pBR322 plasmid DNA chat had been annealed in vitro with dC-wiled DHFR cDNA (designated 1°) was introduced im? x 1776 or x^S2 using u 
modificaticm oF a previously described iraoafcction procednre 19 . 1 ml of an overnight bacterial culture was maculated into 100 *u OF L broth 
SUPpleiDeiited with dlamiiiopimelic add (DAP. 50 ml" 1 ) and (for X 1776 only) thymidine (4 »g ml" 1 )- Baocrial cultures were prown until 
ToaerOial phAS* at 35°C and then collected by ccntrifugation at 4°C Cells were washed in 0_3 volume 10 mM N*a, resuspended in 30 ml freshly 



* prcwr^lMCN buffer f70 mM MgO, j 40 mM sodium a ^Utc, pH and 30 mM «ddum chloride) and chilled on i« ^rlO^CMU^^Uc^ 
reWMHied ia 1 ml MCN and added io 200-nl aliquote io 50 yd DNA in TEN (10 mM Tris-HCl. pH 7.5, 0. 1 mM EDTA, 50 mM NaQ) or MCN 
buffcrVAfler chilling bI 0° C Tor 30 min, reactions were incubated at 27 °C fo* 5 min, chilled again for 30 rain, and 50-^1 samples were pUted on to 
Pcnassay broth agar supplemented with DAP, thymidine (for X 1776). and andbiorics at indicated. When X^was use*, the selective medium was 
Mo minimaJ agar supplemented with 0 J% casaunino adds, biotin (2 ftg ml- 1 ). DAP (50 ngml J ) and Tp (2-5-10 jifi ml ) plus tctracychne OTc) or 
kanamydn (Km) as iiuhcated. Plates containing transf urrtiants were incubated at 32 °C and colonics were scored 2-3 d after plating. pBR322 plasmid 

* DNA lacking, the cDNA insert was used « * control- eDNA preparations labelled aS 2" coated of plasmid DNA isolated from^n^ct^atcd 
population of dones mat had previously been transformed wiih ehima^ric molecules carrying a cDN A insert. In the expenment shown in the last hue 
the txansforming DNA was isolated from a clone (pDHFR7) that expresses resistance to Tp 23 weil 4* Tc. 
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Fig. 1 Preparation and characterisation of DHFR cDNA insert. 
DNA complementary to DHfR rnRNA was synthesized essen- 
tia] Ly as described elsewhere H , using avian myeloblastosis virus 
(AMV) reverse transcriptase and polysome! RNA obtained by 
indirect unrnunopredpitation of DHFR-synlhcsising polysomes 
from mc thotrcxatc-rcsistant AT- 30 00 S- ISO mouse cells 13 . The 
RNA. had been estimated to contain DHFR mRNA as 20% of its 
mRNA" The reaction was carried out in lOO^I using 340 ns 
polysomal RNA (eAtimaied to curti-diri 5 pg polyA-RNA), 45 units 
AMV reverse transcriptase anddCTP labelled to 4 Ci raraoF 1 with 
"P-dCTP (Amers-ham). Approximately 1.4 ^ cDNa was 
synthesized in 30 min. The reaction was stopped by the addition of 
EDTA (to ID mM) and extracted with phenol, Eoltowcd by cthcr„ 
before being passed over a Sephadex Q-5Q fine column in TO mM 
THs, pH 7,4, 2 mM EDTA and. 10 mM Nad (TEN). The void 
volume was collected and precipitated with ethanol. After ccruri- 
fugttion, the RNA was hydrolysed with NaOH (ref. 31), neut- 
ralised and precipitated with ethanol. The cDNA was then used as 
template for the synthesis of the second strand by £1 coii DNA 
polymerase I essentially as described 31 . The reaction took place 
at 42 *C for 10 min in 100 ^1 using 1.1 fig cDNA, 10 units DNA 
polymerase I, artd 1Q0 jtM of £acb deoxynudeoride Triphosphate 
with dCTP adjusted to 30 Ci nunol -1 as above Approximately 
0.35 p£ of the second strand was synthesis cd. The reaction was 
stopped and extracted as above before being passed over a 
Sephadex G-5f> fine column in TEN containing only 0.1 mM 
EDTA. Column fractions containing the ds cDNA were then 
rrcaicd with Aspergillus Orysae 5, nuclease as, described else- 
where 31 . After ex traction and precipitation with ethanol, approx- 
imately 1.0 fJLg ds cDNA was obtained. Aliquots of a. first strand 
product; b, first strand product after base treatment: c T second 

strand product and d. second strand product after S, nuclease treatment were examined on a 1_5% agarose gel in alkaline conditions as 
described 32 . Terminal addition of dCTP to the ds cDNA by terminal deoxynucleoridyl Transferase (TdTX prepared as described elsewhere 33 was 
carried out by a modification 2 * of the Co 2- procedure". The reaction was carried omi in 500 til ^inar^ing 140 mM cacodylic acid, 30 mM Tfis 
base. 1 10 mM KOH (final pH 7.6), 0. 1 mM dithiothreitcl. 150 uitf dCTP (adjusted to 8 Ci mmo!"' with H-dCTP (Amersham)), 1 mM CoC1 2 
(added ro prewarmed reaction mix before enzyme addition), approximately 1 .0 \Lg 6s cDN A (assuming an average MW giving approximately 600 
base pairs, thh provides 1 0 pM 3' rcrmini per ml) and 0.5 m-I TdT {23 x 1 tr units ml" 1 ). The reaction was allowed to proceed at 37 *C for 1 0 min 
before b*?ing cooled and sampled io determine incorporation. Approximately 30 dC residues were added per 3' terminus. The reaction was 
stopped, extracted, desalted and precipiraietf with ethanol as above. Aliquot of e, second Strand product; /, second strand product after S x 
nuclease treatment, and g. dC-iailcd ds cDNA were analysed on a 1.7% agarose gel in Tris-accraie-NaCI (ref. 36). The dC-tailed ds cDNA was 
(hert prCpitratively itcctrophor^ed on a similar gel and the * lV^OO-basc pair" region (arrow) cue out of the gel and electrophoreticaily eluted into a 
dialysis bag as described elsewhere The eluted material was extracted as above, concentrated by lyophilisadon and precipitated with ethanol. 
After ccntr if ugation, the 1,500-basc pair dC-railcddscDN A (approximately 30 ng) was rcdissol ved in lOmMTrisHCl.pH 7.4, 0-25 mM EDTA 
and 100 mM NaCI (annealing buffer). pBR322 plqsmid DNA, isolared as defcribed elsewhere 34 ' was digested with a 1.5-fold excess of Pstl 
endonuclease in conditions suggested by the vendor (New England Biolate) and the linear pi asm id DNA was <-*ui out and eluted from a 0.7% 
agarose gel in TBE ? * as described above. The plasmid DNA was "tailed' wiih dG residues using procedures similar io (hose described above. 
Approximately 1 5-20 dG residues were added pcr3' terminus. Following extraction, the dG- tailed vector was passed over a Scphadex G-50 fine 
coltiirirt irt jirtrteplirtg. burfer and the void volume was collected. Equimotar amounra of dC-railed ds cDNA and dG-tailcd vector DNA were 
allowed to anneal essentially as described by W. Rowe and R. A.Fratel (personal communicarion) except that the vector to A centra no n wailcepi ar 
75 ngml -1 in ihe annealing rcacdon. CircularisaticD was monitored by electron microscopy 16 and was typically about 20-40% . Hus annealed 

DNA was used directly for transformatiaD into A: 1776 or ^2282. 




transformants were found to be capable of immediaTc growrh in 
media containing at least X 7 0OQ |ig ml -1 of Tp, and were termed 
'strong expressors'. Plasmid DNA isolated from these colonies 
was. shown by repeat transformation to encode both the Tc and 
Tp resistance phenotypes. However, Tp R Tc R transformants 

occurred in different experiments at Only 20-60% of the 

frequency observed when selection of transformants was carried 
out for Tc resistance alone. Transfer of Tc-selected colonies on 

to mjoirnal medium agar plates containing Tp showed that all 
such clones express resistance to at (east 1^00 ml - '. 
Together, these findings suggest that pbeQOtypic expression of 
Tp resistance may be delayed in transformants until a sufficient 
quantity of ptasrmd-specined DHfR has accumulated. Anal- 
ogous results have been obtained with other antimicrobial 
drug-resistance determinants encoded by plasmids introduced 
into & coli by transformation 70 . 

Structure of the DHFR cDNA 

Gel electrophoresis of endonuclease-cleaved plasmid DNA 
from three separately derived bacterial clone* that expressed 
high levels of trimethoprim resistance showed similar overall 
patterns. Using such data, a cleavage map (Fig. 4) of the cDNA 
insert of one of these (pDHFR7) was constructed. 



Examination of the amino acid sequence of the mouse DHFR 
enzyme 31 allowed us to assign one of the Uae III cleavage sites to 
the trp-pro (TGG-CCX) present at amino acid positions 24 and 
25, thus localising the DHFR structural sequence to a position 
near the 5' end of the mRNA template used in symhesising the 
cloned cDNA. Other cleavage sites within the DHFR structural 
sequence were consistent with positions predicted by computer 
analysis of the amino acid sequence. DNA sequence analysis of 
two separate regions of the cDNA provided direct verification- 
that the nucleotide sequence of the insert corresponds to the' 
amino acid sequence reported for the mouse DHFR enzyme, 
and also confirmed that the coding sequence for DHFR is 
located at the ds cDN A equivalent of the 5* end of the mRNA. 

The nucleotide sequence at the pBR322-cDNA junction 
nearest the 5' end of the mRNA used as template for DHFR 
cDNA (that is, at the P$rl B site) is of special interest. The 
complement of the 'sense' strand of p-Iacxamase gene of the 
vector (J. G. SutdLfle* personal communication) is interrupted at 
the Pstl site by a series of 1 1 dG residues added by the terminal 
transferase, and these arc followed immediately by (1) an ATG 
(AUG) protein start codon, and (2) the codon for the first amino 
acid of the mouse DHFR structural gene. The sequence that 
codes for the mouse DHFR is in the same Orientaricm as at that 
encoding the p-lactamase on the vector plasmid; however, the 
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number of incremental G residues (that is, 10) at the vector- 
ensures that the DHFR cDNA sequence * not in 
SSnol««Wio«»I reading frame as the p-lacumase gene. 

oTcTamafe me. then the host bacterial cell must be able to 

frame shift by 3 'sb ~ ' 

of translation. Such an event ^Ijff^BM^NA 
long mn of dG residues introduced at the P B ^f«L)NA 
unction and could account for our observation (Table l)that 
p laSco\«aW 

& expxessors^ would be expected tam« of 
reading frame and orientation. However; the W W J" 
functional expression observed tor both primary and second- 

rladily^^ed by slippage of tRNA tnolecules dunng 

Ir ^rha« a more likely expiation ,s that the 
ATG^uence *at has been constructed preceding the coding 
sequence ™ binding and protein initiation 

sequence for Drift* serves as * uu "-" b , h we 
sitl for the bacterial ribosomc. Recent studies nave 

sue iui u '° —dnja in the 5' direction from the 

identified sequences on mRNA m tne o rru rc 
initiator coden that are commentary to toe CCUCX 
^niicnce at the 3' end of the 16S nbosamal RNA speciei, 
S by Snfne and Dalgamo" to be involved in the binding 
oTmRNA to ribosomes- It b tempting to s^cuU^ fttffe 
mRNA transcript from the sequence at the pBIUZZ-cUNA 

i«.w,i .v aMWtnH'o'fiJitVf 
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fig. > Detectioo of cotocit* «mtHin.* 8 
5 » hybridisation. Colonies were ***."* kMR scqu» 
using /modification (G- N- DuelL unpublished) Of an « *^ 
hvViridiiation nrocfidurc". Tc-feastant colonies were transf er«a 

on Pcnaway broth plates contammg Tc (10 m* per «^ 

(Filters bad been washed twice by boding m H*0 and 

Sefore being placed on plate*-) After 2-3 d of * 

32«C the ntcr was removed from the plate and placed on a 

%£*Z no- 3 pad sanirated with 0.5 M NaOrL ^"J^^ 

fll^r was s «jv»riany trained, "O » «nt* SUsMNaCX 

sauced with t M Tris. P H 7.4 twice, 7 J*g 

0.5 M Tris, pH 7.5 (once, 7mifl); and 0.30 M 

^rate pxSSC) (once. 7 nun). After *c excess liquid hao baen 

reeved b, sucoon, the filter *a» placed on a pad coj™^ 

ethanol. dried by suction and baked '".^"^'"^t 

Before bybridisanoo, filte™ were 

hybridiation buffer n»t contamed SXSSC. pH 4-1 

0 02% Hmll 400 (Ptiannacta) and 8 Mral 

nybriXdon buffer containine 2X 1 0* ^ft^Sif^ffSSl 
DHffteDNA 13 in a sealed pbstic bag at 65 °C for 24 h .The _fil era 
wcrettcmwaa^mbybrdisaBonbutlKfer^^^^^ 
5xSSC.fH6.1 (three times. 60 nnneacb at 65 QjandinZxs^u 
„H 7.4 (twice, 10 tnin at room temperalme). ^d^^dpr^ 
Sared tor .u^aoiography- U=ft top, a ""^TV^^. 
SolonH which contain a DHFR eDNA^^rniddle.Te-^t^ 
X 2ZS2 colonie. derived liotn andormUt,^ with ^«fcd 
PBR322 d* cDNA-both rcartrng and nfln-reart"i«»l«J>« are 
bottom, eolooics containine P&R322 and PACVCIOI ptoj 
aiids which show no vijible hybridisation. Rj»ht several 

lTj76 tranatormants. Neialive colonies 
aootammg pBR322 or pACYClOl plasmids wbochshow no visible 

hybridiiaiion. 
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•unction has sufficient complementarity to the CCUCC 
Cu^ce to allow ribosomal binding when a traMtaoonri start 
signal is located an appropriate distance away In such an event, 
the ATG protein start signal that unmediately precedes the 
codinfi sequence for the mouse DHFR might trutiate a peptide 
c^iAavls a si Z e eharacterisiic of th % m ™ 1 '^™^ 
lmmunoloeical analysis of extracts derived rn>m pDHFR7 im& 
oZr exprlssine clones has yielded results ceroid** «tth trus 
imerpTctation (see below)- 

Analysis o« enzyme activity encoded by 
pDHFR7 plasmid 

Mammalian dihydrofolate reductases can be ^6^^"} 
ttieir bacterial counterparts by the abihty of 
enzymes to use folate as a substrate and by their dtfcrential 
sSvity to competitive inhibitors' 5 -*. In m.nal «peninenis, 
h^reducrion of folate to terrahydrofolate was measured using 
extracts from the pDHFR7 clone, from aTp-sensitive clone 
Snine a DHFR cDNA insert (the pDHFftlO plasmid),^ and 
STcehf that contain only the P BR322 vector Although jffl 
iree clones are capable of synthesUmg a chromosornally 
produced bacterial enzyme, only the enzyme present in extracts 
EE ce.ls containing the pDHFR7 P U»ud ^ 
folate f4 x background). Additional evvdence that the reductase 
LncTded by^pDHFRT plasmid is of 
obtained by inhibitor analysis (Fig. 5). The DHFR isolated 
dkeclly from mouse cells and the activity encoded _by the 
PDHFR7 plasmid showed identical sensitivities to methotre*;- 
^ trimethoprim and a triune ^r^PAI^X both 
bu%lphenol)-6,6 dimert,yl-1, ^^-^^A^ 
en ^me activities were 200 tiroes «ore senauve to *ht inn 
thai to trimethoprim. In contrast, bacterial Mq^oht* 
reduoase is inhibited more eflechvely by tornethoprim (K, - 

5x10-*) than it is by triazine K; f 6.5 x 10 ) ri ihv.lrofoi a tc 
As methotrexsie binds sioictaometncally to *hydt*fctate 
reductase", we can estimate the number of molecules of ercyme 
u the P DHFR7 plasmid extracts from the methotrexate mh.bi- 
tion dite of Fig- 5. We calculate from the specific ae wity of the 
£££ (3 unils per m S of soluble protein) and the spec.fic 
acttviry and mcdiotrexatc binding parameters o the mouse 
enVmV* that 0.01% of the soluble bacterial protein is active . 
mammalian DHFR- 

Immunological characterisation of bacterial 
cell extracts containing mouse DHFR 

Immunological evidence confirming the nature of the DHFR 
Scoded by P DHFR7 and other plasmids *at contain a mouse 
DHFR cDN A insert was obtained using a solid-phase sandwich 
^immunoassay". Tp* clones of X 2282 conning the 
IndependcnUy derived plasmidspDHFR 7. 12 and 13 showeda 
S reaction with rabbit antibody directed against mouse 

DHFR in an in *m i^^V^^S^M 
,hat reacted with the antibody was also made by bactena which 

showed low kveb of V^^^^^^^J^ 
mat did not mate a biologically fwncuonal DHFR (tha t , s were 

Tp sensitiveX The nature of the antigen 9«*^^eta2d 
To" cloniies was examined more fully using a new y developed 
. method (filter affinity transfer, or FAT ^ » 

immunological characterisation of proteins m grt*- . The . pro- 
eedure depends on the covalent coupling of F(ab); antibody 
fragments to a chemically derivatised and activated cdlutose 
filter: antigen transferred on to the filter from an SDS-poly- 
acrvlamide gel is detected by subsequent incubations with 
antiserum and '"l-labelled Staphylococcus aureus protein A 

^Filler 'affinity transfer analysis ol the P DHFR7 extract (Fig. 6, 
lanes b c\ shows the presence of protein that reacts itnmuno- 
io^i wi*X anb-body to mouse DHFR and further shows 
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J dG-C { cDNA INSERT 

itaiiPd i I II 21 

£ pBR322 [ RE QiOM ^ctValArgProLeiiAatlCvalleValAlaVdlSeeClnABriilecCJlylieGlyLyaAttrClyAapLeuPrD... 

5* CCCTCACACCACGATnCCTrr.'r^CGGGGGtrc^^ 

CGCACTGTGGTCCTAa UMCrrrrfe ^ ACCr^CACA(;( inTTTTATACCCCTT AACCCTl'CirC CCTCtCCATC C.C . . . 

Pstl ' 69 

51 61 71 ai 

c+a . .LeuVulIlrfletGlyAiTyLyaThrTrpPlieSetlU^^ 

5 ' . . CTCCTC nTTATCCtn"Afifi AAAACCrCCTTCTCCATTCCTGAG AAG AAT CGACCTTTAAACG AC AAT7AATATACTTCTCACTACAG AACTCAaAGaACCaCC\CCa 
. . . : 'AC CAtTAA TAC^ATCt.l~i"T"tCC<\CCAACACCTf\AGGACTCTT CTTAG CTGK AAATTTCCT^CTTAaTTaTaTCAj^GaGTCATCTCTT "A^TTTCTTGGTGflTG CT 

145 Hphl H/nfl 252 

<n l n i ill 

I'.lyAlriiilsHhei^LjAl.ii.ysstirr.iMiAfipAfipauiuoiiArp.Li*^! l*»niut;! nProniu ^ouAlc5crLysu'oJ.A5p"^-ValTrpTIeVdlGlyGlySerSerVal 

: a ; f\c;qTCATTTTCTTnCCAAr\AGTTTt;CATn ATCCCTTAAfiACmTTCAA CAACCCJGAAT TCCCjw\C7aAACTaGACATGGTTTGGATAGTCCGAGGCAGTTCT1?TT 
LCjnrjAcrTAAA rV : AAOXTTTTCAAA CCTACTACi:nA/\TTCTGAATAACTrCT TGCCCT TA ACCR7TC A7TT CATCTCTACCAAAC CTATCAGCCTCCCTC.UGACAA 

253 Aful Hpa U .3^0 

121 

TyrGluGluAl-aMecAsn ... t 

ri\C-rlCCj\ACCCt\7CAAT . . - 
ATG -TCCTICCC-ACTTA . - - 

361 378 

Map of cDNAinsert irtd adjacent regions of pDHFR 7 plasmid. Endonuclease dcavagemap and partial DNA Sequence of cDNA insert 
of the pDHFR 7 plasmid. The shaded ar« indicates the structural sequence for mouse DHFR. The locations of cndonuclease cleavage sites were 
determined from polyacrylamidc gel electrophoresis pa (terns following simultaneous or sequential difeesrions of cither intact pDHFR or 
fragments isolated after earlier digestions. Restriction endonuclcascs (New England Biolabs or Bcthcsda Research laboratories) were used 
according io the vendor's recommendations- Cleavage sites listed above the shaded area were assigned to specific amino acid positions within the 
mouse enzyme by nucleotide sequence. The boxed numbers Of the Hpan. and Psd sites indicate the locations of the site* in the pBR322 plasmid as 
determined by Suiclifle (personal communication), and were used in orientating the amino acid sequence of the DHFR gene with respect to the 
^-lactamase sequence. The nucleotide sequence in die vicinity of the pBR322-cDNA junction corresponding to the 5' end of the mAN A used as 
template far the cDN A, and the sequence in the region of the Hpall sice at amino acid 104 of thettrueiural sequence arc shown. Nucleotides and 
amino acids arc numbered from the start of the DHFR coding sequence; nucleotides in the 5' direction on ilifi mRNA from position 1 have 
negative numbers. The DNA sequence shown were determined by the method of Maxam and Gilbert 40 . Fi*agmanis (d+c) and (a + b) were 5' 
end-labelled at the JfyizII and ^fll-cenerated ends, trKiied *ith Jfct*m endonuclcasc, and subjected to elecirophoresis in 6% acrylamide gel 
and TBE byffer^ 9 . Fragments a, b and c were cluccd from the gel 32 , precipiiaied with echanol and used directly for base sequence determination 

using the £eJ system described in rets 4l> and 41. 



that most of the immunologically reactive material has the same 
clectrophoretie mobility ai enzyme obtained directly from 
mouse cells (molecular weight 22,000) (Fig. 6, lane a). An 
immunologically reactive band that migrates at this position was 
also seen in the material clutcd with folic acid from a metho- 
trexate affiniry column that contained an extract from x2282 
( P DHFR7) cells (Fig. 6, lane d\ suggesting that the 22,000 MW 
protein made by these bacterial cells has binding sites for both 
methotrexate and folate. Additional immunologically reactive 
bands which have mobilities consistent with a MW of 30,000- 
90,000 were seen in varying amounts in different extracts of 
bacterial cells that contained pDHFR7 (Fig. 6, lanes b, c); as the 
1,500-base pair insert in this plasmid is capable of coding for a 
polypeptide no larger than 50,000 MW, we conclude that the 
most slowly moving bands are likely to be hybrid proteins that 
include antigenic sites of the mouse DHFR, Immunologically 
rcaqtivc high .MW protein; are also* made by a Tp 3 clone 
(pDHFR21 t Fig. 6, lane <fj which contains a DHFR cDNA 
insert; however, this clone fails tpsynthesise an immunologically 
reactive 22.000 MW band. No immunological reactivity with 



antibody made to mouse DHFR was detected in extracts of cells 
carrying only the pBR322 vector (Fig. 6, lane A 

Variation in level of expression of mouse 
DHFR cDN A sequences in bacteria 

Thirty-two separately derived clones of x^282 transfonnatits 
That had been selected on plates containing only Tc were 
replared on medium containing both Tc and Tp, and also were 
tested for the presence of a DHFR cDNA insert by In siru 
hybridisation. Fourteen colonics contained sequences homolo- 
gous with the purified DHFR cDNA probe, and five of these 
(termed 'weak c*pressors')grew on plates containing 5 jxgral -1 
or more Tp. The remaining nine clones thai contained DHFR 
sequences failed to show any growth on concentrations of Tp 
above 2.5 p.g ml -1 , and were termed 'non-expressors\ Plasmid 
DNA isolated from four of the nine non-cxpressors and from all 
Ave weak expressors was analysed by gel electrophoresis, and 
the mean inhibitory concentration (MIC) of Tp was determined 
for each of the clones- The structural relationship of the cDNA 
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Flff 5 Inhibitor analysis of DHFR from bacterial cells. Stationary 
phase cultures Of \22&2 expressing trimethoprim resistance were 
grown m the presence of Tp (1 jig nil in minimal medium, 
washed with isotonic Saline, and suspended in 50 mM potassium 
phosphate buffer. f>H 7.0, containing tO mM bertzamidinc and 10 
mM phenyl methyl sulphonyl fluoride (3 volumes buffer to 1 
volume ecUs). The suspension wjj sonicated and centnfuged at 
10,000 r.p.m. for 15 min. The supernatant was oirttrifuficd for f h 
at 100 QOOg before being studied. An Ri methotreKate-rcsisrani 
tnouse'cdl extract was prepared as described elsewhere* . Enzyme 
activity was mcisurcd by die radioacrivc folic ucid assay prcvtously 
described". Prolan was determined by the method of Lowry . 
App*wrim*icly 3 units of activny from the x22tS2 extract or 5 units 
from die m *rhotretatc-resi$iaot mouse cell extract were incubated 
with inhibitor for 10 min at 2A"C before assaying For folate 
reductase activity; the concentrations shown represent the final 
concentration of inhibitor in the reaction mixture. Background 
values, determined by measuring enzyme activity in the presence of 
10 mM methotrexate, have been subtracted from all points. The 
results presented are the average of duplicate samples which 
generally varied by less than 10% and are expressed as a percen- 
tiige of the value obtained in the absence of inhibitor- One unit of 
activity is th* amount of enzyme needed to reduce 1 ninol of folate in 
1 5 min at 37°C A and A indicate addition of methotrexate, O and 
• indtcaie addition of the iriazine derivative, and □ and* indicate 
trimethoprim addition for ^2282 and the mouse ce» extracts. 

respectively. 
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react with antibody to mouse DHFR (Fig. 6 and no published 
daia). It is particularly interesting thai the clone carrying 
pDHFR25 expresses a low level of Tp resistance, although the 
coding sequence for the DHFR enzyme is inserted in an orien- 
tation opposite to that of ih&pMactamase gene. This finding, and 
our detection in extracts of the pDHFR25 clone of protein that 
reacts immunologically with antibody to the mouse enzyme 
(unpublished data), suggest that readthrough transcription into 
the DHFR coding sequence from a promoter sequence located 
on or near the distal segment of the p-lactamase gene may occur. 
Consistent with this interpretation are prelrminary data suggest- 
ing that DHFR antigenic sites arc also synthesized by cells 
carrying pDHFR23„ which is a nou-expreasor of Tp resistance 
and contains a cDNA insert in orientation b (Fig. 7). Further 
study is required to determine whether sequences in the distal 
segment of the fs-lactamase gene are capable of serving as weak 
promoters for the initiation of mRNA chains that extend into 
the DHFR cDNA. 

The findings reported here indicate that the bacterial clones 
we have constructed are synthesising and pheno typically 
expressing DHFR encoded by mouse cDNA sequences: (X) the 
cDNA insert cloned in bacteria has been shown by in situ 
hybridisation to be homologous with the mouse gene and by 
direct DNA sequence analysis to encode the amino acid 
sequence of mouse DHFR, (2) DHFR enzymatic activity and 
resistance to Tp are specified by nucleotide sequences present 
on chimaeric plas raids but not on the vector, (3) the DHFR 



Fl(5. 6 Filter affinity transfer analysis 1 * of b*aerial cell extracts. 
20 fil-of extracts in SDS sample bu ffer were run ai constant current 
(or 3 h in an U.25% SDS-polyacrylamide slab gel. The gel «u 
incvbaied in PBS (50 mM phosphate buffer containing 0.15 M 
NaCl) for 30 min and placed on a blotter wer with PBS. Peptides 
were specifically transferred from the gel to strip* of a dry cellulose 
filter mat had been covalenriy coupled to anli-DHFR F(ab>2 
fragments 13 . Filters were cashed, incubated with antibody 10 
DHFR, washed again and treated with l25 I-labcUcd protein A. 
After additional washing and drying Steps, the Altera were analysed 
by autoradiography. The eluate fraction (Tanc d) was obtained by 
passage of an extract of x22S2 cells containing pDHFR? over a 0.5 
ml mcthotrexaie-Scpharoifi affinity column. The extract was 
acidified to pH 5,8, passed over the column and the bound fraction 
was cluied with 2 mM folic acid in a 5 mM NaHCO a buffer at pH 
S_5 as described elsewhere 5 *. Lane a, extract* of mouse cell line; 
lanes b and cpDHFR7i lane 4eLuai& from mcthoirexateooturtin; 
lane e, pDHFR21; lane /, pBR322. 



69,000 — 



insert to the ^-lactamase gene sequence of the vector, the length 
of each insert, and the minimal inhibitory concentration (MIC) 
determined for the done are shown in Fig. 7. As can be seen, 
plasmids pDHFR7, 12, 13 and 26-29 all contain a complete 
DHFR structural sequence inserted in the same orientation 92,500 — 
(thai is, orientation a) a$ the gene encoding the bacterial 
lactamase- The done carrying each of these plasmids expresses 
Tp resistance, although the MIC varies from ISO m-« ml" for 
pDHFR26 to > 1,000 jig mT 1 for pDHFR7, 12 and 13; the 
greatest reactivity with antibody to mouse DHFR occurs with 
pDHFRI2 (unpublished data). 

It is unlikely that translatiotial reading frame is the determin- 
ing factor in the different levels of expression observed in these 
clones, as our DNA sequence analysis indicates that a correct 
reading frame is not essential for efficient expression in pDHFR 
7, 12 or 13. However, the positioning of the putative ribosomal 
binding site in relation to the ATG start codon may potentially 
influence the strength oE expression by affecting the formation of 
the translations! initiation complex (compare with ref . 23) (Figs 
A, 7). 

The end of DHFR structural sequence that corresponds to the 
5' cod of the mRNA is not present in plasmids pDHFR 21 and 
24, thus explaining the observed lack of functional expression of 
the cDNA in these riones. However, pDHFR2I, which has lost 
less than 15% of the structural sequence, nevertheless encodes a 
(probably hybrid) peptide mat contains antigenic sites which 
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Fig. 7- Some structural and functional properties of chim aerie plasmids and *22S2 clones containing DHFR cDNA irtsef t. The MIC of Tp for 
each of the x clones was tested on M9 minimal agar plates containing biotin (2 ji£ ml -1 ), easornirto acids (0.5%), DAP (50 fig ml -1 ) and Tp 
concentration ranging from 0 to 1 ,000 ug ml* 1 . *22B2 [pBR322) was used as h control and is sensitive to Tp 3t 2,5 u-g ml -1 > as determined by 
uicubaiioft nt 32 "C for 3 cL Plasmid DNA isolated from <meh done was digested with Psd andonuclcMe 15 37 °C for 3 h and exnaexed 
sequentially wi th phenol and ether. DNA was preripirared wiih ethanol, resume nded in S *U TE buflcr and elcctrophorc&cd in 1.2% agarose gels 
in TBE buffer to decexmine the length of the inserted fragment. ColEl plasmid DNA digCHcd with Haall endonuclease" was added to each 
sample as an internal molecular w<i£hi standard. Additionally, jaindlll-jen traced fragments of SV40 DNA were nyrf a* an exteraal standHrd* 3 . 
The standard error is =fe 100 base pairs with the method us*d. The Orientation of the cDNA inserts m the vector plasnrid was determined by gel 
□nalysb of plasmid DNA digested with BgfH and Hindi endonucleascs; in additioil, pDHFR15 was treated wiih the Eccfcl ajodBgttl enzymes to 
conJinn the or ienwtion of ife insert. The direction of transcripdofl of the ^-lactamase gene of pBR322 is indicated by an arrow. The shaded are* 
in each pla$mid map indicates the structural sequence roe DHFR. The numbers 'jhown above each Psft* site mdicate the distance (in base pair*) 
berween the deavage point and the first nucleotide ot the DHFR structural sequence a* described hi fig. 4. This distance was determined exactly 
by DNA sequence analysis for plasmid* pDHFR 7. 12 and 13 and was estimated for the other plasmids by gal a rectTO phoresis of fragments 
produced by either the HmlJX or Hpall endonucleases. For the ehirnaefieplaftmids that we snbseqaendy sequenced, thb estimate proved to be 
accurate within 5 base pairs. Psd-Bg&l distances ware determined for the ctmnae nc plasfmds by gpl electrophoresis using f^wIJ-cJeaved 
pBR322 DNA OS an internal standard. Nudcondes in (he 5' direction ou the oiRNA frpm position 1 have negative aimibais and ore estimates 

obtained from gel analysis for all plasmids except pDHFR7 and 12. 



encoded by the cgnstmctcd plasmids shows differential sensi- 
tivity to competitive inhibitors of DHFR characteristic of the 
mammalian gene product, and (4) the enzyme synthesized by 
bacteria containing DHFR cDNA is immunologically reactive 
wirh-aritibody made against mouse DHFR. 

Note that the clones which express the highest levels of Tc 
resistance contain an immunologically reactive peptide having a 
size characteristic of the mammalian DHFR. A peptide of this 
siie could potentially result from proteolytic cleavage of a fused 
e-Iactamase-DHFR protein that was initiated at the p- 
lactamase ribosomal binding site. This proposal is consistent 
wiih the finding of large-sized protein species containing DHFR 
antigenic sites In extracts from cells that are either Tp* or Tp 5 
(Fig. 6). More intriguing, however* is the possibility noted above 
that the ^jd-poly dG sequence constructed ai the V cctor-cDN A 
junction can act together with the nearby ATG (AUG) trans- 
lafional start codon to bind niRNA to the bacterial ribosome and 
initiate DHFR peptide chains within the cDNA insert. If this 
interpretation is correct, initiation of peptide chains within other 
cukaryotic cDNA inserts may be obtainable in bacteria by use of 
the same structural relationships that have resulted in expres- 
sion of the mouse DHFR coding sequence. Additional DNA 



sequence analysis and investigation of the protein products 
encoded by chimaeric plasmids should provide definitive 
infofroatiyri on this point and should help elucidate further the 
structural basis for the different levels of Tp resistance expressed 
by various clones. 

Some of the bacterial clones we have isolated produce pro- 
teins that react immunologically with antibody to mouse DHFR 
but which are not biologically active. Our results suggest that an 
important obstacle to functional expression of mammalian 
DNA sequences in bacteria has been the development of an 
assay capable of detecting those clones that possess both a 
complete coding sequence and the correct nucleotide relation- 
ships to allow such expression. Hie strong phenotypic selection 
possible in the present experiments has provided an effective 
means of identifying and isolating expressing clones. 

As the cloned coding sequence for mouse DHFR is selectable 
in higher organisms as well as in bacteria, it constitutes a 
powerful tool for the construction of enlcaryotic cloning 
vectors, for the isolation of replication regions of eukaryotic 
chromosomal and e\xtracbjiomosomal genomes (compare ref. 
30), and for the isolation and characterisation of signals that con- 
trol genetic rranscrrption and translation in variety of species. 
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N Galaxies — a new class of X-ray sources 

BURBIDGE\ classified exiragalactic objects with bright nuclei 
into tbrcfi classes: in order of increasing optical luminosity These 
are (1) Seyfert galaxies; (2) N galaxies; (3) quasars. Many 
Seyferts and several quasars have been shown to be X-ray 
Sources. Here we show that N galaxies are also powerful X-ray 

sources* In fact, all six N galaxies in the 3 C radio catalogue with 
redshifts less than 0.06 (ref. 2) arc detected by the first full-sky 
survey of the Goddard Space Flight Center detectors (A2) on 
HEAQ 1. X-ray emission has also been disopvercd frojji a strong 
Southern Hemisphere radio source, the N galaxy Pic A, Six of 
the seven Objects are classified as brpad-Iine radio galaxies 
(BLRGs) 3 ** 5 and one (3C371) is classified as a BL Lac object*. 
Hiese object^ arc differentiated from the newly discovered class 
of 'emission line* galaxies 1 by their high radio flux and extremely 
broad Kncs. Before HE AO 1 there was one confirmed N galaxy, 
3C120 (ref. 8), and one suggested, 3C390.3 (refs 9, 10). We 
detect 3C120, Strengthen- the identification of 3C390.3, and 
present evidence for X-ray emission from four new sources, 
3 CI 1 1 , 3 C382, 3 C371 , and Pic A. We also suggest 3C445 as the 
identification of 2 A2220-022 (reL 11). 

Figure 1 shows 90% confidence error boxes on the position* 
of these seven galaxies together with 4U (ref. 10) or 2A (ref. 1 1) 
error boxes where applicable. The Z-lQ kcV luminosity of these 

objects; as well as other relevant Information, is given in Table 1. 
We. have also looked for X-ray flux from the next closest N 
galaxies, PKS0521 - 36 and 3C227. No significant flux was seen, 
but the 90% upper limit on me X-ray luminosities (given in 
Table 2) are consistent with their luminosities being comparable 
to the seven detected N galaxies. Except for quasars, these N 
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galaxies are the most luminous class of compact X-ray sources 
yet detected. 

Grandi and Osterbrock have classified radio galaxies spec- 
troscopically as BLRG or narrow-line radio galaxies (NLRG) 
and Have demonstrated a high degree of association between the 
classification 'broad-line' and the morphological type 'N\ In 
marked contrast to the situation f or BLRGs, only 3C405 (Cyg 
A) of the five NLRGs listed by Grandi and Osterbiock, with 
redshifes less than 0 06, is a detected X-ray source. 3C317 is 
confused with Ab2052^ a distance class 3 cluster, and 50 its 
luminosity is poorly determined- Upper limits on the flux from 
the other three NLRGs are given in Table 2. The deduced upper 
limits on the luminosities are considerably less than average 
X-ray luminosities for BLRG of —3 x 10** erg s~ l . Note that of 
the detected N galaxies, the one with the narrowest emission 
lines, 3C371, has the smallest X-ray luminosity.. 

The lack of X-ray emission from NLRGs contrasted to the 
virtual certainty of X-ray emission from BLRGs is similar to the 
distinction between type 1 and type 2 Seyferts, that is, none of ' 
die ^20 known X-ray emitting Seyfert galaxies are classical type 
2 Seyfertfi. Grandi and Osterbrock have drawn attention to the 
optical spectral smiilaritics and differences between BLRGs and 
type 1 Seyferts, and NLRGs and type 2 Seyferts. respectively. 

The fact that many of these N galaxies possess compact radio 
components suggests that the synchrotron self- Comp tan pro- 
cess (SSC) 1 ^ may be the principle cause of the X-ray emission, 
For 3C390-3, the best studied of these objects, a SSC model 
predicts a physical size to the X-ray emitting region of —0.1 pc • 
and a rime scale for X-ray variability of months .The detection 
of 3C390.3 by Uhuru and Copernicus at considerably higher 
flux level* and an Ariel 5 npper limit 00 3C382 (ref. 14) —20% 1 
lower than the present detection radicate possible variability in 
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